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As animals move through their environments they are subjected to an endless barrage of sensory signals. Of these, some will be of utmost importance, such as the tell-tale aroma of a potential mate, the distinctive appearance of a vital food source or the unmistakable sound of an approaching predator. Others will be less important. Indeed some will not be important at all. There are, for instance, wide realms of the sensory world that remain entirely undetected, simply because an animal lacks the physiological capacity to detect and analyse the signals that characterise this realm. Take ourselves for example: we are completely insensitive to the Earth's magnetic field, a sensory cue of vital importance as a compass for steering the long distance migration of animals as varied as birds, lobsters and sea turtles. We are also totally oblivious to the rich palette of ultraviolet colours that exist all around us, colours seen by insects, crustaceans, birds, fish and lizards (in fact perhaps by most animals). Nor can we hear the ultrasonic sonar pulses emitted by bats in hot pursuit of flying insect prey. The simple reason for these apparent deficiencies is that we either lack the sensory capacity entirely (as in the case of magnetoreception) or that our existing senses are incapable of detecting specific ranges of the stimulus (such as the ultraviolet wavelength range of light).
What is clear from these examples is that the senses of animals act as fi lters, accepting some types (or ranges) of sensory signals and rejecting others. And there is a very good reason for this. Our inability to appreciate ultraviolet colours, when so many other animals can, is not a physiological accident. Instead, it is a biological response to the relentless forces of natural selection -during our evolution, ultraviolet colours, in the ears of certain species of moths, which are tuned to the high frequency sonar pulses of the bats that hunt them, and perceive little else. For these moths, no other sound embodies the same danger or requires a behavioural response of the same urgency, and their entire auditory investment -from the morphology of the ear to the physiology of the auditory neural circuits -is devoted to the detection and analysis of that one narrow range of ultrasonic frequencies.
Nervous systems and sensory organs are energetically expensive to maintain
In the years that have followed Wehner's landmark contribution, it has become increasingly apparent that brains and nervous systems are energetically extremely expensive, and that the cost of maintaining a nervous system represents a substantial fraction of an animal's fi nite energy budget (Laughlin et al., 1998 , Niven et al., 2007 , Niven and Laughlin, 2008 , Sterling and Laughlin, 2015 . The main reason for this expense is the cost of maintaining the neuron's resting potential in readiness for electrical signalling. The resting potential, which is usually many tens of millivolts negative relative to the external cellular medium, is maintained (and restored following signalling) by active ion pumps that use energy from ATP molecules to pump sodium and potassium ions across the neuronal membrane against their passive electrical and concentration gradients. This energetic cost is substantial, and is incurred even in the absence of signalling; the extra cost of signalling is simply added to this (Niven et al., 2007) .
During the evolution of an animal's body, energy investments need to be allocated wisely. Overinvestment in one organ -such as a sensory organ -may be detrimental to other organs, and thus negative for the animal as a whole (and possibly fatally so). How much energy is allocated to a sensory organ during evolution refl ects the importance of this organ for the animal's chances of survival and reproduction, with the benefi ts of the sensory organ weighed against its energetic Primer despite their ecological importance for other animals, were simply of no importance to us. In other words, the nature of sensory fi ltering -the sorting of what is basically infi nite environmental sensory information into essential and unessential signals -is intimately associated with an animal's ecological needs, and these in turn are the products of millions of years of natural selection.
Matched fi lters
But this is not the end of the story. Sensory fi ltering is signifi cantly more sophisticated than a simple acceptance or rejection of certain types of information: most sensory fi lters are actually pre-adapted -or matched -to the characteristics of the information they are most tuned to detect, and often in very surprising ways. This fact was fi rst recognised almost 30 years ago by the celebrated German neuroethologist Rüdiger Wehner. In a landmark paper published in the Journal of Comparative Physiology, entitled "Matched fi ltersneural models of the external world" (Wehner 1987 ), Wehner ushered in an entirely new way of understanding how peripheral sensory structures and sensory neural circuits have evolved to deal with complex, constant and seemingly infi nite sensory information. The essence of his message was that sensory systems rely on 'matched fi lters' to extract the most pressing sensory stimuli that are crucial to the animal's chances of survival and reproduction, and to suppress or even reject other stimuli. By matching the properties of neurons, circuits and sensory structures to the characteristics of the most crucial sensory stimuli that need to be detected, these stimuli can be directly and reliably extracted for further processing.
Moreover this extraction can be done with a minimum of neural tissue. To sense "the world through such a matched fi lter", to quote Wehner himself, "severely limits the amount of information the brain can pick up from the outside world, but it frees the brain from the need to perform more intricate computations to extract the information fi nally needed for fulfi lling a particular task". An example of a classic matched fi lter can be found Current Biology 26, R937-R980, October 24, 2016 R977 cost. The ultimate currency of this evolutionary cost-benefi t analysis is defi ned in terms of the number of ATP molecules that are required to perform specifi c tasks (Laughlin et al., 1998 , Niven et al., 2007 , and involves an evolutionary process whereby the benefi t of an improved performance is weighed against the energetic cost of achieving it (Niven and Laughlin, 2008) . One measure of this performance can be defi ned by the amount of information (in bits) gained by executing a particular sensory task, such as the transduction of photons of light by a photoreceptor, or of odour molecules by an olfactory receptor. This performance can be measured against its energetic cost, that is, the number of ATP molecules that are consumed to generate one bit of sensory information (Laughlin et al., 1998) .
For a light adapted photoreceptor in a fl y this energetic cost is signifi cant -depending on the species, between 1 million and 10 million ATP molecules are consumed to generate a single bit of information, and a large fraction of this cost (around 20%) is simply used to maintain the resting potential in the absence of signalling, that is, to maintain it in darkness (Laughlin et al., 1998 , Niven et al., 2007 . In fact, the 'dark cost' of the entire retina is about 2% of the fl y's total resting metabolic rate! A signifi cant dark cost has likewise been estimated for the vertebrate retina (Okawa et al., 2008) . The photoreceptors of fl ies also demonstrate that energy investments follow a law of diminishing returns -even though the larger photoreceptors of larger fl y species provide their owners with a greater maximum number of bits of information per second, they do so only at a disproportionately high cost (Niven et al., 2007) . In fact, across the fl ies the total energy cost (in ATP molecules consumed per photoreceptor per second) rises almost with the square of the maximum information rate (in bits per second) coded by the photoreceptor (the actual exponent is 1.7). This law of diminishing returns -that each unit increment in performance tends to cost disproportionately more than the previous increment -means that the evolution of a high performance sensory organ (like a very large eye) comes only at a signifi cant energetic cost, a cost that is likely to be a substantial fraction of the animal's total energy budget (Niven et al., 2007, Niven and .
Matched fi lters and the animal's fi nite energy budget are intimately entwined Not surprisingly, a number of strategies have evolved to make the senses more effi cient (Niven and Laughlin, 2008) , and of these matched sensory fi ltering is one of the most effective. To again quote Rüdiger Wehner (1987) , to sense "the world through such a matched fi lter severely limits the amount of information the brain can pick up from the outside world, but it frees the brain from the need to perform more intricate computations to extract the information fi nally needed for fulfi lling a particular task" (Wehner, 1987) . By "severely limiting information picked up by the brain", the energetic costs that would have been associated with coding superfl uous information are effectively eliminated. And "freeing the brain" not only frees it from the need to perform intricate computations, it also frees it from the signifi cant energetic costs that would have arisen by possessing the neural circuits necessary to make these computations. Simply put, matched fi ltering saves energy by stripping away unnecessary energetic investments and effi ciently redirecting the remaining energy to where it is needed most.
As a consequence, matched fi lters are particularly obvious in smaller animals with compact nervous systems and limited energy budgets, such as lower vertebrates and invertebrates, with the beststudied examples coming from the insects. With their miniature brains and nervous systems, orchestrating complex behaviours on a small and restricted energy budget, insects are richly endowed with sensory matched fi lters. Sensory matched fi lters are found in all animals and at all levels of sensory processing Sensory matched fi lters have evolved in response to almost every aspect of animal ecology, from locomotion and navigation to predator avoidance, food acquisition and courtship. They are manifested in all of the senses, in both vertebrates and invertebrates (von der Emde and Warrant, 2016) . Back in 1987, when Wehner fi rst coined the term 'matched fi lter', sensory matched fi lters were only really known from the sensory periphery, namely in the morphological design and physiological properties of the sensory organs themselves. But since then we have come to realise that matched fi ltering also occurs at more central levels of sensory processing, where it generates a highly specifi c neural response to a crucial but complex natural stimulus. Thus, matched fi ltering typically involves multiple levels of matching along an entire pathway of neural processing from the sensory periphery to the central brain.
To illustrate these points I will describe a single example of a sensory matched fi lter, the impressive and aptly named 'love spot' of the male blowfl y, a remarkable visual matched fi lter dedicated to the detection and pursuit of female blowfl ies. This sensory fi lter embodies all of the important features of matched fi ltering we have discussed above and reveals matching at multiple levels of processing, extending from the visual periphery (the compound eyes) to more central levels of processing in the optic lobes of the brain.
The 'love spots' of male blowfl ies The urge to reproduce has led to the evolution of truly spectacular sensory matched fi lters, and has resulted in signifi cant sexual dimorphism, not only in peripheral sensory structures but also in the central circuitry responsible for sensory processing. The auditory systems of male and female crickets are an excellent case in point (Römer, 2016) : the neural circuitry of females acts as an exquisitely tuned auditory matched fi lter for distinguishing the distinctive song patterns of conspecifi c males from those produced by the males of other species in the same habitat.
But it is in the visual systems of insects that some of the most remarkable sexual matched fi lters have evolved. In some insects -like the mayfl y ( Figure 1A) -the males possess an entire extra pair of eyes for the sole purpose of spotting the irresistible passage of a female fl ying above them, her body a small dark, moving silhouette against the dusk sky. Even though the sexual ocular specialisations of many other male insects are not quite this brazen, they are no less effective. At fi rst, the compound eyes of male and female brachyceran fl ies may look quite similar, but a closer inspection reveals that a subtle difference exists between them -the eyes of males are joined together along the dorsal surface of the head (Figure 2A ), whereas those of females are entirely separated ( Figure 2B ). These extra pieces of eye in the male are known as 'love spots' (one of which is bounded by the white dotted line in Figure 2A ). All levels of visual processing that derive from the love spots, both in the retina and the optic lobe, are devoted solely to the detection and analysis of females. For males, females typically appear as small, silhouetted targets (subtending less than 1°) that move at speed in the frontal-dorsal visual fi eld against a blue-ultraviolet sky. This analysis of the female generally leads to a high-speed pursuit in which the male attempts to hold the image of the female within the visual fi elds of the love spots until she is fi nally intercepted (Land and Eckert, 1985) .
The building blocks of compound eyes -the tube-like ommatidiaeach contain a cornel facet lens (or 'facet') that focuses light from a narrow region of space onto a rod-like bundle of photoreceptors that lies directly beneath. Each ommatidium samples an individual 'pixel' of the visual worldtwo neighbouring ommatidia thus sample two neighbouring pixels. The more densely packed these ommatidia (that is, the smaller the 'interommatidial angle' that separates them), the more fi nely the visual scene is sampled, and the higher the spatial resolution. It turns out that the ommatidia within the love spots are much more densely packed than in other parts of the male's eye, and more densely packed than in any region of the female's eye. The love spots thus act as 'acute zones', eye regions having much higher spatial resolution (analogous to our own fovea), and interestingly, because these eye regions are typically very fl at, the facets can also be much larger (and thus much more sensitive to light) without sacrifi cing the small interommatidial angle.
Acute zones in compound eyes thus allow both higher resolution and greater sensitivity, thereby signifi cantly improving visual performance. For a male fl y, this improved performance is crucial for tracking fast-moving females. Love spot acute zones are clearly seen in the male hoverfl y Volucella pellucens -these are large and located frontally, about 20° above the equator ( Figure 2C ). The interommatidial angle  here falls to just 0.7°. The size of the acute zone (the eye region where, say,  < 1.1°) occupies 2230 deg 2 of the visual fi eld (shaded area in Figure 2C ). In females there is also an acute zone, but instead directed frontally ( Figure  2D ):  only falls to 0.9°, and the area of the acute zone ( < 1.1°) is a mere 23% as large as that of males (510 deg 2 ; shaded area in Figure 2D ). This matched fi lter for spotting female fl ies is not restricted to the eye surface -there is also an intricate neural pathway, from the retina to the brain, which is only found in males. First, the connections of photoreceptor axons to the fi rst layer of processing in the fl y's optic lobe (the lamina optic ganglion) are quite different in the love spot compared to both the female's eye and the rest of the male's eye. In most insect ommatidia, six of the eight photoreceptors (R1-R6) are green sensitive and together synapse onto a single second-order neuron in the lamina. The remaining two (R7 and R8) are instead ultraviolet sensitive and send their axons straight through the lamina to synapse in the second optic ganglion, the medulla. Curiously, however, in the ommatidia of the male love spot, R7 mimics R1-R6, being green sensitive and (together with the others) synapsing onto the same second-order lamina cell, rather than continuing on to the medulla. This neural trick boosts the visual signalto-noise ratio by 7% and thereby increases the contrast sensitivity for small moving targets. Moreover, the Current Biology 26, R937-R980, October 24, 2016 R979 love spot photoreceptors also have a response time that is 60% faster than those of females, and a spatial acuity that is roughly double (Hornstein et al., 2000) -in other words, a small target moving at high speed may easily be seen by males when totally invisible to females.
The reason why spatial resolution is so much better in love spot photoreceptors is that the overlying facet lenses are large (good photon catch and little diffraction blur) and the photoreceptors are unusually thin. The improved response speed is achieved by a faster transduction mechanism and a tuned voltageactivated conductance that enhances the membrane's frequency response. In fact, in the blowfl y Calliphora vicina, this translates into an information rate (in bits per second) in male photoreceptors that is up to 40% higher than that in females (Burton et al., 2001) . All these photoreceptor modifi cations dramatically improve the visibility of a small rapidly moving target. The neural contrast of such a target -both in space and time -is signifi cantly enhanced in the responses of male love spot photoreceptors compared to the responses of female photoreceptors ( Figure 2E,F) . This, however, only comes at a cost -the extra tuned conductance (which involves the passage of ions through dedicated channels in the photoreceptor membrane) and the production of larger lenses are all energetically expensive.
Further up in the male fl y's brain, this matched fi ltering is maintained. Entire circuits of cells with dorsalfrontal visual fi elds -which are only found in males -are dedicated to analysing the movement of the small dark silhouette fi rst detected by the love spots of the compound eyes. An excellent example is the small-fi eld small-target movement detectors (or SF-STMDs) of the lobula optic ganglion. Even though found in both sexes, the SF-STMDs of females have broad receptive fi elds covering large parts of the eyes, while those of males are confi ned to the part of the visual fi eld viewed by the love spots. Both respond to small moving targets, but those of males prefer very much smaller targets than those of females -around 1-3° in size, compared to around 8° (Nordström and O'Carroll, 2009) . This difference no doubt refl ects the sexual differences in spatial and temporal resolution already established in the retina.
The love spots of male fl ies thus reveal a truly exquisite matched sensory fi lter devoted to a single ecological task -the detection, visual analysis and pursuit of female fl ies. Not only is this matched fi ltering refl ected in the optical structure of the sensory periphery (the eye), but also at multiple levels of processing, notably in the physiological properties of the underlying photoreceptors and in the neural circuitry responsible for higher visual processing in the brain.
Matched fi ltering can also be a liability Not surprisingly, the ubiquity of matched sensory fi lters across the animal kingdom has led to other biological developments during the course of evolution, many of which are somewhat less benefi cial for their owners -it turns out that matched fi lters have been exploited for deceptive purposes, very commonly in the service of predation. One of the best-known examples involves the remarkable bolas spiders ( Figure 1B) , a group of orb-weaving spiders that, gladiator-like, capture fl ying moths with a sticky globule of silk (called a bolas) suspended at the end of a silk lasso attached to the tip of one of its legs (Eberhard, 1977) . When a moth approaches, the bolas spider uses its leg to swing its sticky bolas around in the air in the hope of hitting and then snaring its unsuspecting prey. But instead of simply hoping the moth comes near enough to be struck by the bolas, the spider creates a fatal lure by exploiting an exquisite matched fi lter present in the moth.
Female moths typically emit speciesspecifi c sex pheromones from a specialised gland in the abdomen. With their extremely sensitive olfactory receptors (located in the antennae), and neural sensory fi lters perfectly matched to this very specifi c scent, males of the species are lured upwind towards the waiting female. The bolas spider has taken advantage of this matched fi lter to create the perfect lure -remarkably, the spider has the capacity to produce the sex pheromone of a specifi c moth species and to attract male moths with this irresistible perfume (Stowe et al., 1987) . The moth, fatally fooled into believing it is close to a receptive female, becomes both an easy target and an excellent meal.
A similar exploitation of a visual matched fi lter is found in the fi refl y Photuris versicolor ( Figure 1C ). Like all fi refl ies, the males and females detect one another at night by emitting bioluminescent light fl ashes from a light organ on the ventral side of the abdomen. While aloft, the male generates a species-specifi c temporal pattern of fl ashes. Upon recognising the fl ash pattern -presumably using a matched neural fi lter that is tuned to it -the sedentary female responds with a fl ash pattern of her own. The male, having spotted and analysed the female's response (also presumably with the aid of a matched neural fi lter), fl ies to her on the ground where she awaits. Once mated, however, the female's attentions turn to food, and it does so in the most devious mannershe switches her fl ash pattern from that of her own species to that of another sympatric species, the fi refl y Photinus pyralis (Lloyd, 1965) . Unsuspecting of the trap that awaits, a Photinus pyralis male, on the lookout for a female of his own species, sees the deviant light signal and fl ies straight into the jaws of the female Photuris versicolor, who then devours him.
Conclusions
From the morphological design and physiological properties of the sensory organs, to the neural circuits that process sensory information in the brain, matched fi ltering has constituted a major evolutionary strategy across the animal kingdom. One reason for this is the necessity for sensory systems to be matched to the most pressing ecological challenges that a given species faces, at the expense of less pressing challenges. A second but no less important reason is that matched fi ltering undoubtedly saves energy, particularly in the brain. This is especially relevant in small animals like insects, with complex lifestyles but strictly limited energy budgets -matched fi ltering could be of critical benefi t for freeing up energy that could be used for other vital functions. Both of these factorspressing ecological challenges and overriding energy constraints -have undoubtedly led to the enormous variety and sophistication of sensory matched fi lters that we encounter among animals today.
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